Anthracnose caused by Colletotrichum gloeosporioides has been destructive during pepper fruit production in outdoor fields in Korea. In vitro antifungal activities of 15 different plant essential oils or its components were evaluated during conidial germination and mycelial growth of C. gloeosporioides. In vitro conidial germination was most drastically inhibited by vapour treatments with carvacrol, cinnamon oil, trans-cinnamaldehyde, citral, p-cymene and linalool. Inhibition of the mycelial growth by indirect vapour treatment with essential oils was also demonstrated compared with untreated control. Carvacrol, cinnamon oil, trans-cinnamaldehyde, citral and eugenol were among the most inhibitory plant essential oils by the indirect antifungal efficacies. Plant protection efficacies of the plant essential oils were demonstrated by reduced lesion diameter on the C. gloeosporioides-inoculated immature green pepper fruits compared to the inoculated control fruits without any plant essential oil treatment. In planta test showed that all plant essential oils tested in this study demonstrated plant protection efficacies against pepper fruit anthracnose with similar levels. Thus, application of different plant essential oils can be used for ecofriendly disease management of anthracnose during pepper fruit production.
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Keywords : Colletotrichum gloeosporioides, disease control, pepper anthracnose, plant essential oil, volatile Anthracnose, one of the most destructive diseases during pepper fruit production, is caused by several different Colletotrichum spp. including C. acutatum and C. gloeosporioides in Korea (Park and Kim, 1992) . Progressive lesion development on the C. gloeosporioides-infected pepper fruits was highly dependent on elevated temperature, higher relative humidity and prolonged free water period (Park and Kim, 1994) . Longer wetness duration was also one of the factors to increase disease severity of pepper seedlings infected by Colletotrichum coccodes (Hong and Hwang, 1998) . It was reported that disease incidence of pepper fruit anthracnose drastically increased in open pepper fields in Kyungbuk province of Korea from late August to mid September, and it is well matched with hot, rainy and windy seasons of the region (Kwon and Lee, 1999) . Mechanical wounding accelerated anthracnose occurrence on pepper fruits, and it seems to be done by removed cuticular wax layers on the wounded fruits (Kim et al., 1999) . Wounding and conidal dissemination on pepper fruits under heavy rain splash and windy environments have been supposed as critical reasons for drastic increase of pepper anthracnose in open pepper fields of Korea.
Rain-proofed fields for planting were suggested to protect pepper fruits against anthracnose occurring rainy period-dependently Kwon and Lee, 1999) . Recently, genetic regulations of disease resistance for resistant cultivar breeding have been investigated in alfalfa, common bean and strawberry to anthracnose caused by C. trifolii, C. linthemuthianum and C. gloeosporioides, respectively (Ferreira et al., 2012; Osorio et al., 2014; Yang et al., 2007) . However, limited genetic resources are available for anthracnose resistance of pepper plants Mahasuk et al., 2009) . This is the reason why it is not easy to find commercialized anthracnose-resistant cultivars of different crops worldwide yet.
A variety of chemical pesticides have been suggested to control anthracnose in many crops such as banana, citrus, mango and strawberry (Freeman et al., 1997; Khan et al., 2001; Ojeda et al., 2012; . Although in vitro antifungal activities of many fungicides were found against Colletotrichum spp. isolated from infected pepper fruits, efficacies of the fungicides for reducing anthracnose of the chili pepper fruits have been rarely investigated (Kim et al., 2003 (Kim et al., , 2004 (Kim et al., , 2005 . Seventeen fungicides were registered commercially to apply to pepper anthracnose control for farmers in South Korea. Six fungicides containing effective ingredients of azoxystrobin, copper hydroxide, difenoconazole, famoxadone + cymoxanil, fludioxonil + cyprodinil and mancozeb, increased marketable yields of bell pepper fruits (Harp et al., 2014) . Disease-forecasting system was designed based on leaf wetness duration and hourly temperature during wet cropping season to establish appropriate fungicide spraying schedule for pepper anthracnose (Ahn et al., 2008) . However, occurrence of fungicide resistance in several fungal species also has been concerned in Colletotrichum spp. as well, and these urged us to find more eco-friendly and sustainable alternatives (Avila-Adame et al., 2003; Chung et al., 2006; . Coating with edible composites was suggested to reduce banana anthracnose incidence during postharvest transportation and storage (Maqbool et al., 2010b) . Application of chitosan-loaded nano-emulsions delayed onset of anthracnose on banana, papaya and dragon fruits during cold storage (Zahid et al., 2012) . A variety of eco-friendly methods including agricultural organic materials, nanoparticles and antagonistic bacteria have been applied to mitigate pepper anthracnose (Kim and Yun, 2011; Lamsal et al., 2011; Park et al., 2012; Sang et al., 2013) .
Plant disease management with plant essential oils has been applied as one of the eco-friendly controls (Isman, 2000; Koul et al., 2008) . A huge number of plant essential oils showed different levels of antimicrobial efficacies to various ranges of plant fungal and bacterial pathogens, and they efficiently reduced the major diseases in crops. Colletotrichum spp. infecting diverse economically important crops have been managed by plant essential oils and their individual components. In vitro mycelial growth of C. musae responsible for anthracnose peel blemishes of banana fruits was inhibited by cinnamon oil and clove oil (Ranasinghe et al., 2002) . In vitro conidial germination of C. coccodes and lesion areas on infected tomato fruits were arrested by origanum oil treatment (Tzortzakis, 2010) . C. gloeosporioides was mainly destructive to subtropical fruit vegetables such as avocado, mango and yellow passion fruit, and application of plant essential oils could decrease the anthracnose incidence on these fruits (Abd-Alla and Haggag, 2013; Anaruma et al., 2010; Sellamuthu et al., 2013a Sellamuthu et al., , 2013b . Various chemical and biological controls for pepper anthracnose reduction have been tried so far in Korea. However, efficacies of plant essential oils in the light of eco-friendly controls of pepper anthracnose control were not investigated.
In this study, in vitro antifungal activities of 15 plant essential oils or its components were evaluated during the conidal germination and mycelial growth of C. gloeosporioides. Anthracnose lesion reductions by application of the plant essential oils were also investigated using detached immature green pepper fruits.
Materials and Methods
Fungal culture. Colletotrichum gloeosporioides isolate 07-067 originated from infected pepper fruit was provided by Dr. Kyung-Sook Han (National Institute of Horticultural & Herbal Science, Rural Development Administration, Korea). The fungus was maintained on 1/2 potato dextrose agar (PDA) media at 25°C. Conidial suspension of the C. gloeosporioides was obtained from 10 day-old culture at 25°C by adding the sterile distilled water.
Preparation of paper discs containing plant essential oils. Fifteen plant essential oils and individual components used in this study were carvacrol, cinnamon oil, 1,8-cineole, trans-cinnamaldehyde, citral, clove oil, p-cymene, eugenol, geraniol, (±)-limonene, linalool, menthone, (1R)-(+)-α-pinene, (1S)-(-)-α-pinene and β-pinene. Cinnamon oil and clove oil were purchased from Sigma-Aldrich Co., LLC. Other 13 plant essential oils or individual components were purchased from Tokyo Chemical Industry Co., LTD. Each plant essential oil concentrate was diluted to 20% (v/ v) solution in 95% ethanol to easily handle. Each 10 µl, 25 µl and 40 µl of the diluted plant essential oil solution was dropped onto sterile paper disc (8 mm in diameter) wetted with 30 µl, 15 µl and 0 µl of 95% ethanol to make each paper disc contain 2 µl, 5 µl and 8 µl of concentrates of plant essential oils, respectively. Forty µl of 95% ethanol was dropped onto paper disc as an untreated control. The paper discs were air-dried for 20 min at room temperature under sterile conditions to evaporate ethanol until used.
In vitro inhibition of conidial germination by volatiles of plant essential oils. Conidial suspension was adjusted to 2×10 5 conidia/ml using haemacytometer. Four drops of the conidial suspension (20 µl for each drop) were placed on glass slides without cover glass on the three-layered sterile Pepper Anthracnose Control by Volatile Plant Essential Oils 271 distilled water-saturated gauze in plastic boxes (13 cm × 9 cm × 4.5 cm). Each paper disc was put in aluminum foil dish (2 cm in diameter) not to be wet by the water, and the aluminum foil dishes carrying paper disc was transferred into the plastic box. The plastic box was tightly covered and incubated at 25°C for 9 h under dark condition. After incubation, the conidia were stained with 1µl of lactophenol-trypan blue solution (0.05% trypan blue in phenol 20 ml, lactic acid 20 ml, glycerol 40 ml and distilled water 20 ml) and observed with light microscope to count number of germinated conidia.
In vitro fungal mycelial growth inhibition by volatile treatment with plant essential oils. For volatile effect of plant essential oils, mycelial agar plug (5 mm in diameter) was cut from the growing edge of the fungal culture, and inoculated at the center of the PDA medium. Paper disc containing plant essential oil was attached to the center inside plate cover. After covering, the plate was incubated upside down at 25°C, and the fungal colony diameter was measured at 10 d after inoculation.
Anthracnose suppression efficacies of indirect volatile treatments with plant essential oils on pepper fruits.
Immature green pepper fruits (Capsicum annuum L. cv. Nockwang) were harvested from pepper plants grown in plastic house at Jinju, Gyeongnam province, Korea in April. Four pepper fruits were placed on the three-layered sterile water-saturated gauze in the plastic boxes samesized as described above, and four drops of the conidial suspension (2 × 10 5 conidia/ml, 15 µl for each drop) was inoculated on the pin-wounded (1 mm in depth) pepper fruit surface. Paper disc in the aluminum foil dish was also placed into the plastic box. After covering, the inoculated pepper fruits were incubated at 25°C for 12 d for disease development, and then lesion diameter was measured. Four drops of the conidial suspension per pepper fruit were inoculated and four pepper fruits for each plant essential oil were used.
Statistical analyses.
All experiments were conducted in a completely randomized block design with four replications. Four discs were prepared for repeated experiments per each biological replication. Four individual experiments were performed for in vitro and in planta assays. Data were subjected to analysis of variance using SAS version 9.1 (SAS Institute, Inc., Cary, NC, USA) and means were separated by least significant difference (LSD) test at P < 0.05.
Results
Volatile inhibitory effect of plant essential oils on in vitro conidial germination. ca. 82.1% of the conidia were germinated on the glass slides in untreated control, and all 15 plant essential oils evaluated exerted volatile antifungal activities with different levels during the conidial germi- 3 . Effect of different plant essential oils on lesion development of anthracnose on immature green pepper fruits. Disease protection was evaluated by reduced lesion diameter formed on the detached pepper fruits inoculated by dropping conidial suspension (2 × 10 5 conidia/ml) of Colletotrichum gloeosporioides with different essential oil vapors. Lesion diameter was measured 12 days after inoculation. Values presented are means and error bars represent the standard errors of the means of four independent experimental replications. Means followed by the same letter are not significantly different at 5% level by least significant difference test. Different essential oil doses were applied 8 μl/disc demonstrated in upper (2 μl/disc), middle (5 μl/disc) and bottom (8 μl/disc) graphs. eugenol and geraniol appeared in dose-dependent manners, and relatively higher doses manifested stronger antifungal activities (Table 1) Anthracnose reduction on pepper fruits by plant essential oils volatility. To investigate efficacies of different plant essential oils on control of pepper fruit anthracnose, lesion diameters on the inoculated fruits in the absence or presence of essential oil treatments were measured (Fig. 3) .
Without plant essential oil treatment, anthracnose lesions of ca. 13.0 mm in diameter were formed on the inoculated pepper fruits at 12 days post-inoculation. Interestingly, all 15 plant essential oils showed disease reduction efficacies with similar activities. By 2 µl/disc treatments with carvacrol, cinnamon oil, 1,8-cineole, trans-cinnamaldehyde, citral, clove oil, eugenol, (1R)-(+)-α-pinene and (1S)-(-)-α-pinene, slight reduced lesion size (ca. 10.9-9.8 mm in diameter) on the fruit surfaces was found. p-Cymene, geraniol, (±)-limonene, linalool, menthone and β-pinene treatments with 2 µl/disc showed a bit more reduced lesion diameters ca. 9.6-8.9 mm. Increasing cinnamon oil, transcinnamaldehyde and eugenol to 5 µl/disc led to significantly more decreased the lesion sizes compared to those on the 2 µl/disc-treated pepper fruits. Other 12 plant essential oils did not demonstrate increased efficacies against pepper fruit anthracnose by 5 µl/disc. Only treatment with 8 µl/ disc of carvacrol and trans-cinnamaldehyde increased protection effect compared to 5 µl/disc of each essential oil.
Discussion
A large number of essential oils have been originated from different plant species, and evaluated their antimicrobial activities against broad range of plant pathogens causing oomycete, bacterial and fungal diseases (Bajpai et al., 2011; Isman, 2000; Sivakumar and Bautista-Baños, 2014) . Fungal and bacterial diseases in many economically important crops could be efficiently reduced by treatments with different plant essential oils. Spraying plant essential oils was widely applied to suppress foliar fungal diseases such as flax powdery mildew, grape grey mould and peanut late leaf spot in the fields (Aly et al., 2013; Kishore et al., 2007; Walter et al., 2001) . Treatment with plant essential oils has been evident as useful eco-friendly control of postharvest decays which are caused by some fungal species during fruit storage (Sivakumar and Bautista-Baños, 2014) . Appropriate biological and chemical managements had not been recommended for many bacterial plant diseases so far. Plant essential oils were also suggested as promising agents for controlling the bacterial plant diseases. Bacterial wilt caused by Ralstonia solanacearum could be suppressed by applying clove oil, palmarosa oil and thymol into tomatogrowing soils (Ji et al., 2005; Lee et al., 2012) . In vitro and in vivo antibacterial efficacies of various plant essential oils were found against different Xanthomonas species (Bajpai et al., 2011) . Interestingly, recent reports demonstrated that application of plant essential oils suppressed Tomato yellow leaf curl virus disease in tomato plants and Tobacco mosaic virus disease in Nicotiana glutinosa with protective and curative effects, although mode-of-action for reducing the diseases were not fully understood (Min et al., 2013; Wang and Fan, 2014) . Combined application of plant essential oils with other plant essential oils and disease controlling agents such as antagonistic bacteria and chitosan may enhance the protective effects of plant essential oils against pepper anthracnose (Arrebola et al., 2010; Shao et al., 2015; Xing et al., 2011) . These demonstrated that plant essential oils can be suggested as eco-friendly alternatives for a variety of plant diseases caused by taxonomically different pathogens hard to be controlled.
Plant essential oils and individual compounds used in this study were evaluated for their inhibitory efficacies on in vitro conidial germination and mycelial growth of C. gloeosporioides. Carvacrol was most effective to suppress conidial germination and mycelial growth of C. gloeosporioides. Although anthracnose lesion sizes on the inoculated pepper fruits were also decreased by carvacrol, in planta inhibitory activity of carvacrol was not highest level. Carvacrol is an individual component of a monoterpenoid phenol, and identified as major component of 79.8% of oregano oil and 37.9% of thyme oil (Soylu et al., 2006) . In vitro antioomycete and antifungal activity of carvacrol has been demonstrated against several phytopathogenic oomycete and fungi including Phytophthora citrophthora, Rhizopus stolonifer, Botrytis cinerea and Penicillium expansum (Camele et al., 2012) . Carvacrol reduced Dutch elm disease caused by Ophiostoma novo-ulmi fungus in planta (Martín et al., 2012) . Oregano and thyme oils containing carvacrol as an ingredient have been shown their in vitro antifungal activities against C. gloeosporioides (Lee et al., 2007) . Significantly higher antifungal activities of cinnamon oil and its main constituent trans-cinnamaldehyde against C. gloeosporioides were seen in this study. Cinnamon oil has been known as effective agent for inhibiting in vitro growth of B. cinerea and Fusarium proliferatum (Wilson et al., 1997) . Periwinkle Phytophthora blight, peanut crown rot and banana anthracnose diseases were efficiently reduced by cinnamon oil treatment (Bowers et al., 2004; Kishore et al., 2007; Maqbool et al., 2010a; Ranasinghe et al., 2002) . In vitro conidial germination and mycelial growth of Monilinia laxa were inhibited by trans-cinnamaldehyde (Neri et al., 2007) . However, these carvacrol and trans-cinnamaldehyde were not suggested to control anthracnose occurred in many crops including pepper fruits. Many plant essential oils without antifungal activities on in vitro conidial germination and mycelial growth demonstrated in planta disease suppression effects on the pepper anthracnose in the present study. Activated plant defences or enhanced antioxidant capacity of pepper fruit tissues by treatment with the plant essential oils could not be excluded, which remains elucidated (Jin et al., 2012) .
Volatility was one of the beneficial effects of plant essential oils for plant disease management. Foliar spraying and soil-drenching chemical pesticides or antagonistic microbes occasionally did not efficiently suppress disease occurrence in the crop fields, although those abiotic and biotic agents significantly arrested in vitro growth of plant pathogens. It may be due to insufficient direct contacts between plant pathogens and active compounds of the pesticides or the microorganisms under the field conditions. Various plant essential oils manifested their volatile antifungal activities without direct contacts to inhibit in vitro conidial germination and mycelial growth of C. gloeosporioides. Moreover, arrested lesions on the inoculated fruits in the sealed plastic boxes were also achieved by volatile effects of plant essential oils. No visible phytotoxic effects were observed on the pepper fruits treated with plant essential oils in this study. Increasing doses of the plant essential oils should be evaluated to improve the plant protection efficacies against the anthracnose.
Taken together, fungal development of C. gloeosporioides including conidial germination and mycelial growth can be controlled by plant essential oil treatments via indirect volatile antifungal activities. In addition, anthracnose control efficacies of plant essential oils on the detached green fruits were achieved. Feasible disease protection by treatment with plant essential oils need to be proved under rain-splashed and rain-proof field conditions during pepper growing season for eco-friendly disease management in the further studies.
